The high-resolution three-dimensional structure of the plant toxin viscotoxin A3, from Viscum album L., has been determined in solution by "H NMR spectroscopy at pH 3.6 and 12 mC (the structure has been deposited in the Protein Data Bank under the id. code 1ED0). Experimentally derived restraints including 734 interproton distances from nuclear Overhauser effect measurements, 22 hydrogen bonds, 32 φ angle restraints from J coupling measurements, together with three disulphide bridge constraints were used as input in restrained molecular dynamics, followed by minimization, using DYANA and Discover. Backbone and heavy atom root-mean-square deviations were 0.47p0.11 A / (1 A / l 10 −"! m) and 0.85p0.13 A / respectively. Viscotoxin A3 consists of two α-helices connected by a turn and a short stretch of
INTRODUCTION
Viscotoxins are toxic proteins isolated from Viscum album L. They are low molecular mass (approx. 5 kDa) basic polypeptides and their amino acid sequence, disulphide bridge arrangement and distribution in plant tissues have been recently reviewed [1] . Six isoforms, A1, A2, A3, B, 1-PS and U-PS, have been described [1, 2] and correlated, on the basis of sequence similarity, to the family of α and β thionins, a group of cysteine-rich proteins found in the seeds and other tissues of several Graminae [3] . Thionins are best known for their toxicity to bacteria [4] and fungi [5] , as well as to animal and plant cells [6] , and this toxicity is believed to be important for the plant defence mechanism. Evidence for a role in the constitutive defence of plants against pathogen attack has been provided by the expression of thionins in transgenic plants [7, 8] .
The most readily observed effect of thionins on cells is the disruption of membrane integrity [9, 10] . Several explanations have been proposed to account for this generalized toxicity. According to one hypothesis [11] thionins induce ion channel formation in cell membranes and consequently dissipate the ion concentration gradients essential for the maintenance of cellular homoeostasis. However, an alternative theory explains the toxicity of thionins in terms of purely electrostatic interactions with the negatively charged membranes, leading to membrane breakdown [10] .
Viscotoxins also display cytotoxic activity against different types of tumour cells, including human myeloid cell line K562, human T-cell leukaemia cell line Molt 4 and Yoshida sarcoma cells [12] . Their cytotoxic mechanism has been recently investigated in human granulocytes and lymphocytes [13] . A comparative cytotoxicity study of six different viscotoxins in Yoshida sarcoma cell lines has been reported [14] , suggesting that the different observed cytotoxicity could reflect variations in the three-dimensional structure. The determination of high-resolution three-dimensional structures of these proteins, and, more generally, of thionins is therefore crucial to the understanding of their function.
So far only the X-ray structures of crambin (id. code 1AB1, for the more recent structure), purothionin-α (id. code 2PLH) and purothionin-β (id. code 1BHP) are available in the Protein Data Bank (PDB). NMR studies of a few α and β thionins, namely crambin [15, 16] , purothionin-α and -β [17] [18] [19] , phoratoxin A [20] and hordothionin-α [21] have been reported. However, up to now, only the NMR structure of crambin (id. code 1CCM) has been deposited in the PDB.
We report here on the NMR structural determination of viscotoxin A3, the most abundant and cytotoxic isoform from Viscum album L. [14] . A structural comparison, together with the analysis of the electrostatic potential of solvent accessible surfaces for all the thionins of known structures, are reported and discussed in terms of possible functional implications.
In view of the fact that extracts from Viscum album L. are widely used as an adjuvant in complementary cancer therapy and that they have been shown to possess both immunomodulating and cytotoxic properties [22] , the reported study of viscotoxins, at a molecular level, might be of both biological and clinical relevance.
EXPERIMENTAL NMR measurements
Protein purification was performed as reported previously [1, 14] . Data acquisition for the homonuclear double-quantum-filtered correlation spectroscopy (DQF-COSY) [23] , TOCSY [24] and NOESY [25] spectra of viscotoxin A3 (2 mM in aqueous 50 mM H $ PO % \NaOH buffer at pH 3.6) was carried out at various achieved by low-power irradiation during the relaxation delay introduced between scans or by the 3-9-19 pulse sequence with gradients [25] . For TOCSY spectra various isotropic mixing times were employed, ranging from 20 to 100 ms, while for NOESY experiments mixing times of 60, 100 and 150 ms were employed. Assignment of spin-systems to individual amino acids was achieved by using DQF-COSY and TOCSY spectra, while complete resonance assignment was obtained by the combined use of TOCSY and NOESY spectra, following the sequential assignment strategy [26] . The "H # O\#H # O exchange experiments were performed using concentration cells at low temperature (4 mC), and were immediately followed by the acquisition of TOCSY spectra in #H # O, both at 12 mC (after 1, 42 and 72 h from dialysis) and at higher temperatures, namely 22, 32 and 37 mC. Assignments were easily implemented at temperatures higher than 12 mC ; however, NOESY experiments with different mixing times (60, 100 and 150 ms) and DQF-COSY were performed at all the selected temperatures, in order to check for ambiguous assignments.
Spectra were processed with XWINNMR using gaussian enhancement in both dimensions and zero-filled once in the F " dimension. Analysis of spectra and cross-peak volumes were performed using both XWINNMR and XEASY [27] . The NOESY spectrum obtained with 100 ms mixing time at 12 mC was used for volume measurement of the NOESY cross-peaks, using the XEASY software [27] . Chemical shift referencing for all the acquired spectra was obtained using an internal capillary with 3-(trimethylsilyl)-propionic acid-d % sodium salt (' TSP ') dissolved in the same buffer solution (50 mM H $ PO % \NaOH, pH 3.6).
Structure determination
The nuclear Overhauser effect (NOE) intensities were calibrated with the tools of the program DYANA [28] , on the basis of H α -H β ",# distances of Pro##, corresponding to internuclear separations of 2.3 and 2.7 A / respectively. As an internal check, the estimates obtained for other fixed distances were calculated, and the results obtained were in agreement with the expected values. Other tools of DYANA were used to eliminate NOEs that represent trivial conformational constraints and, where required, pseudo-atoms were introduced with appropriate corrections [29] . For cross-peaks involving multiple protons (like those arising from methyl or unresolved methylene protons) we took the sixth root of the integrated volume and added a fixed amount (1 A / ) to the distance, to generate restraints for the corresponding pseudoatoms. In all the cases where severe overlap prevented us from quantifying cross-peak volumes, a distance of 4 A / was assumed between the interacting protons. Following standard procedures implemented in the program DYANA [28] , 1010 upper distance restraints were calculated, and reduced to 734 after removal of irrelevant restraints (distance bounds that cannot be reached by any conformation). Out of the 734 restraints, 230 were intraresidues, 172 sequential, 191 medium range and 141 long range.
The NOE restraints were supplemented by (i) 31 distance restraints for 22 backbone hydrogen bonds obtained from the NH deuterium exchange study (for three hydrogen bonds the N-O and NH-O distances were restrained to ranges of 2.7-3.0 A / and 1.8-2.0 A / respectively ; for the remaining H-bonds only an upper bound limit of 3.0 A / was imposed). The partners for all hydrogen bonds were assigned on the basis of preliminary structures obtained by imposing only NOE restraints ; (ii) 18 distance restraints for the three disulphide bridges ; (iii) 32 φ angle restraints derived from J coupling constants. The J coupling constants were estimated by the separation of antiphase absorptive peaks in DQF-COSY spectra, scaled by a factor 1.36 chosen in such a way that the highest J N  α was 9.6 Hz. A more accurate theoretical method [30] applied on the spectra processed with multiplication by exponential window did not give better results, probably as a consequence of non-Lorentzian line-shapes.
The calculation started with 200 randomized conformers. The ten structures with lowest target function resulting from van der Waals and restraints violations were analysed. The restraints were re-examined in view of consistent violations and relaxed where necessary. This procedure was repeated until no consistent violations were found in half or more of the structures. This step led to the correction of approx. 50 upper bounds. After this step 600 new calculations were started and the 20 structures with the lowest target functions (ranging between 0.33 and 0.51) were analysed. In all structures the maximum violation did not exceed 0.23 A / . The structure with the lowest target function (0.33) and the structure (among the ten lowest target function structures) exhibiting the largest root-mean-square deviation (RMSD) from it (0.46 A / ) were then subjected to restrained molecular dynamics using the AMBER force field as implemented in the program Discover (Molecular Simulations, San Diego, CA, U.S.A.). In the restrained molecular dynamics simulations 20 cycles of 15 ps were used, followed by minimization. The restraints were imposed through an energy penalty for violations equal to k∆#, where ∆ is the violation and k is 10 kcal:mol −" :A / −# and 30 kcal: mol −" :rad −# for distance and angle restraints respectively (where 1 kcal l 4.184i10$ J). By this procedure two sets of 20 minimized structures were obtained. To avoid correlations among conformations, all even structures from the last ten minimized structures of both sets were merged and analysed. The average RMSD between structures did not show any particular trend of being smaller for structures originating from the same starting structure or close in simulation time, showing that the protocol was suited for proper conformational sampling. For a survey of the conformational restraints and the quality of the structure determination see Table 2 .
Electrostatic potential maps calculation
Electrostatic potential maps for available molecular models of thionins were computed using a Poisson-Boltzmann based methodology [31] , as implemented in the software package UHBD [32] . Partial atomic charges and van der Waals radii were taken from the CHARMM force field [33] . Molecular and solvent dielectric constants were set to 4.0 and 80.0, respectively, ionic strength was set to 100 mM and the probe radius for generating the dielectric map was set to 1.4 A / . A standard procedure was employed, solving first the Poisson-Boltzmann equation on a coarse grid of 60i60i60 points with 2.5 A / spacing imposing the sum of atomic Debye-Hu$ ckel potential as boundary condition, and then focusing on the molecule using a finer grid of 65i65i65 points with a spacing of 0.8 A / .
RESULTS AND DISCUSSION
Resonance assignment for all the protons of viscotoxin A3 was obtained using conventional homonuclear two-dimensional Values for δ rc were taken from [41] .
Figure 5 Number of restraints used for structure calculation versus the distance in the primary sequence among the interacting residues (upper panel) and versus residue number (lower panel)
Lower panel : Intraresidue, sequential and medium-and long-range restraints are shown as white, light grey, dark grey and black bars respectively. DQF-COSY, TOCSY and NOESY experiments, and following the sequential resonance assignment procedures [26] . Simple onedimensional spectra of viscotoxin A3 were reported previously, but only a few assignments for methyl doublets of alanines and isoleucine methyl triplets were tentatively assigned [34] . The complete list of chemical shifts obtained from experiments performed on a 2 mM sample of viscotoxin A3 at pH 3.6 and at 12 mC is shown in Table 1 . The unambiguous assignments of those H α protons resonating at the same frequency as water at 12 mC (i.e. H α of residues Ser#, Cys$ and Cys$#) were obtained at higher temperatures. Figure 1 shows a portion of a TOCSY spectrum, illustrating the through-bond connectivities between the amide and the aliphatic protons.
The regular secondary structure elements were identified on the basis of the data reported in Figure 2 . The protein is stabilized by the presence of three disulphide bridges, Cys$-Cys%!, Cys%-Cys$# and Cys"'-Cys#', defining a structural motif, indicated as ' concentric motif '. This feature has been found in analogous proteins, such as α and β thionins, and also in various small proteins with low sequence similarity, such as saposins, surfactant protein B and the pore-forming amoeba peptide [1] . All these proteins were reported to be capable of interacting with lipid components of different biological membranes thus causing perturbation of the membrane itself [35] .
Two helices are present in viscotoxin A3, extending from residue 7 to 18 and from 23 to 30. They are characterized by the
Figure 6 Backbone of viscotoxin A3
Display of the backbone of viscotoxin A3 as a cylindrical rod of variable radius, which represents the global displacements among the ten conformers used to represent the NMR structure. The program MOLMOL [42] was used to generate this figure. The plots describing the distributions of the distance constraints used for the structure calculations are shown in Figure 5 . All parameters characterizing the energy-minimized NMR structures of viscotoxin A3 are given in Table 2 and provide evidence of the quality of the reported structures. The average RMSD values are 0.47p0.11 A / and 0.85p0.13 A / for the backbone and
Figure 7 Comparison of the amino acid sequences of viscotoxins and related α and β thionins
Gaps are included to maximize sequence similarity.
Figure 8 Comparison of the NMR structures of viscotoxin A3 with those of crambin, purothionin-α and purothionin-β
The ten best NMR structures of viscotoxin A3 (grey lines and dark-grey ribbon) superimposed on to crambin (black ribbon), purothionin-α (pale-grey ribbon) and purothionin-β (medium-grey ribbon).
all heavy atoms respectively (see Table 2 ). Overall the RMSD values suggest that the structure of viscotoxin A3 is highly consistent with the experimentally determined restraints. The RMSD values for the structure presented here represent an improvement on the corresponding values for the NMR structures of other thionins [15] [16] [17] [18] [19] [20] [21] .
The thickness of the cylindrical rod shown in Figure 6 represents the variable precision of the backbone structure determination along the entire sequence. Not all regions along the sequence are equally defined, in particular the two helices are
Figure 9 Electrostatic potential at solvent-accessible surfaces for viscotoxin A3 (upper panels), purothionin-β (middle panels) and crambin (lower panels)
Two views (one rotated by 180 degrees with respect to the other) are offered for each molecule (left and right panels). The range and colour coding of the potential is k2.0 kcal/mol:q (red) to j2.0 kcal/mol:q (blue). Solvent accessible surfaces have been generated using a probe of 2 A / to avoid problems related to the low resolution (0.8 A / ) of the grid used to generate the maps. The surface potential is not shown for purithionin-α due to the high sequence and structural similarity to purothionin-β.
very well defined due to the large amount of NOEs in this part of the structure, while the C-terminal end is the most loosely defined segment within the molecule. The average total energy of the ten structures was calculated and the energies corresponding to each of the terms of the applied force field were extracted and reported in Table 2 . The obtained structures show satisfactory values for the internal energy and for the energetic term corresponding to distance violations (see Table 2 ).
The overall shape of viscotoxin A3 resembles a capital letter L, the same as that reported for hordothionin-α, crambin, purothionin-α and phoratoxin A [21] . The two amphipathic helices run in opposite directions and define the long arm of the letter L, while the short arm is constituted by the short antiparallel β-sheet. The relative positions of the two helices may bear some relevance for the positioning of the charged side-chains. Residues 7-30, as already observed for hordothionin-α, form a helixturn-helix (HTH) motif, characteristic of DNA-binding proteins [36] , possibly suggesting that this region may represent the DNAbinding domain of thionins. Indeed a HTH motif is predicted, although with a low score, by the algorithm of Dodd and Egan [37] , which is based on the sequence similarity with DNAbinding proteins containing the HTH motif. These motifs are used in different DNA-binding arrangements by prokaryotic gene-regulatory proteins and homeodomain-containing proteins. We have superimposed the HTH motif of viscotoxin A3 with complexes representative of the two mentioned classes of DNAbinding proteins, namely the engrailed homeodomain DNA complex (PDB id. code 1HDD) and the lambda repressoroperator complex (PDB id. code 1LMB). In both cases steric hindrance between viscotoxin and DNA was found, although it appeared less severe for the homeodomain-binding mode. On the other hand, the length of the recognition helix is longer in the homeodomain than in both prokaryotic gene-regulatory factors and viscotoxin A3. It is likely that these considerations apply to all thionins sharing a high sequence similarity (see the sequential alignment reported in Figure 7 ). Experimental work is needed, however, to test this modelling hypothesis and to clarify the biological function of this class of proteins.
The first five residues of viscotoxin A3 are involved in the formation of a β-sheet with the 32-35 region and the C-terminal end is anchored to the structure by an H-bond between the backbone amide of Lys%' and the carbonyl of Cys%. This H-bond is supported by the slow exchange rate observed for the amide of Lys%' that does not exchange with #H # O, even after 8 days and even after increasing the temperature from 12 to 32 mC.
The structures of viscotoxin A3 show an RMSD of 0.98p 0.09 A / when superimposed to crambin (id. code 1AB1), of 1.36p0.07 A / and 1.40p0.09 A / when superimposed to purothionin-α (id. code 2PLH) and -β (id. code 1BHP). When these structures were compared (Figure 8 ), it was clear that their overall fold is identical. The first helix, spanning from residue 7 to 18, is very well superimposed in all the three structures, and exhibits the same charged residues (arginines) at the same positions (10 and 17) , with the same side-chain orientation. On the contrary, the second helix and the C-terminal part of the molecules bear different charged side-chains in the three structures. In viscotoxin A3 and purothionins the charged residues are located at positions 23, 28, 33 and 23, 30 and 32 respectively. The charged residues at positions 23 and 33 of viscotoxin A3 are conserved in all thionins, as shown by the alignment in Figure 7 .
In crambin, residue 23 is changed to glutamic acid, which might carry a negative charge and no other charged residue is present in the rest of the sequence. This difference may account for different activities, which has been proposed to be related to interactions with lipid membranes [38] . We computed electrostatic potential maps for each available thionin molecular model. The electrostatic potential at the surface of the molecules, visualized using the program GRASP [39] , showed different patterns for the analysed thionins ( Figure 9 ). Both viscotoxin A3 ( Figure 9 , upper panels) and purothionin-β ( Figure 9 , middle panels), bearing the rather high 6.0 and 9.0 unit net charges respectively, exhibit an overall large and positive surface potential. One face of the map, corresponding to the surface enclosed by the two helices and the extended stretch past the second helix, displays a wide region at high electrostatic potential (larger than 2 kcal:mol −" :q −" ). The opposite face still displays a positive electrostatic potential, though less extended. It is worth noting that viscotoxin A3 shows a more pronounced difference in the potential on the two faces with respect to purothionins. A different picture is obtained for crambin ( Figure  9 , lower panels), which displays both positive and negative potential regions, as expected from its zero net charge. The face with large positive potential areas is, as before, displaying predominantly a positive potential, but the distinction with the opposite face is hampered by smaller differences in electrostatic potential.
Complementarity between surface electrostatic properties has been reported for many biomolecular complexes [40] and therefore the presence of extended high potential areas at the surface hints at possible interaction sites with molecules displaying negative surface potential. Thionins might therefore interact with the charged heads of the lipids constituting cell membranes. This hypothesis is supported by the correlation between electrostatic properties and activity. In addition the interactions of thionins with lipid membranes have been repeatedly demonstrated in the literature [7] [8] [9] [10] [11] . An alternative hypothesis, suggested by the presence of the HTH motif, as mentioned above, is that the molecular target might be nucleic acids, which could be accommodated by the high potential groove present on the protein between the helices and the short extended structure.
In summary the structure in solution of viscotoxin A3 has been determined by "H NMR (PDB id. code 1ED0). The structure adopts a fold very similar to those of the few thionins that have been deposited in the PDB. Electrostatic properties of viscotoxin A3 and other thionins have been analysed, using the PoissonBoltzmann equation, and compared. The presence of highpotential surface regions in biologically active thionins, at variance with crambin, which does not show any cytotoxic activity, provides structural evidence for an electrostatically driven interaction with negatively charged molecular targets such as membranes and\or, possibly, DNA.
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